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a b s t r a c t
Caenorhabditis elegansmolting is a process during which the apical extracellular matrix of the epidermis,
the cuticle, is remodeled through a process of degradation and re-synthesis. Using a genetic approach,
we identiﬁed nekl-3 as essential for the completion of molting. NEKL-3 is highly similar to the
mammalian NEK kinase family members NEK6 and NEK7. Animals homozygous for a hypomorphic
mutation in nekl-3, sv3, had a novel molting defect in which the central body region, but not the head or
tail, was unable to shed the old cuticle. In contrast, a null mutation in nekl-3, gk506, led to complete
enclosure within the old cuticle. nekl-2, which is most similar to mammalian NEK8, was also essential for
molting. Mosaic analyses demonstrated that NEKL-2 and NEKL-3 were speciﬁcally required within the
large epidermal syncytium, hyp7, to facilitate molting. Consistent with this, NEKL-2 and NEKL-3 were
expressed at the apical surface of hyp7 where they localized to small spheres or tubular structures.
Inhibition of nekl-2, but not nekl-3, led to the mislocalization of LRP-1/megalin, a cell surface receptor for
low-density lipoprotein (LDL)-binding proteins. In addition, nekl-2 inhibition led to the mislocalization of
several other endosome-associated proteins. Notably, LRP-1 acts within hyp7 to facilitate completion of
molting, suggesting at least one mechanism by which NEKL-2 may inﬂuence molting. Notably, our
studies failed to reveal a requirement for NEKL-2 or NEKL-3 in cell division, a function reported for
several mammalian NEKs including NEK6 and NEK7. Our ﬁndings provide the ﬁrst genetic and in vivo
evidence for a role of NEK family members in endocytosis, which may be evolutionarily conserved.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Studies on cell cycle regulation in the fungus Aspergillus
nidulans identiﬁed Never in Mitosis A (NimA), a serine–threonine
protein kinase involved in multiple aspects of mitosis (Oakley and
Morris, 1983; Osmani et al., 1988). Subsequently, NimA family
members, referred to as NEKs, have been identiﬁed in a wide range
of organisms (Supplementary material Fig. S1) (Fry et al., 2012;
Moniz et al., 2011). The nematode Caenorhabditis elegans has four
NIMA-related kinase genes. The product of nekl-1 (NEver in mitosis
Kinase Like) resembles mammalian NEK9 and, to a lesser extent,
NEK8, both of which have regulator of chromosome condensation
(RCC1) repeats carboxyl-terminal to their kinase domain. NEKL-4
is an ortholog of Nek10, which has Armadillo/β-catenin-like
repeats amino-terminal to the kinase domain. nekl-2 and nekl-3
both encode small proteins that consist mainly of a kinase domain.
NEKL-3 is a compelling ortholog of mammalian NEK6 and
NEK7, which are 82% identical to one another and, like NEKL-3,
contain little more than a protein kinase domain. Studies in tissue
culture systems have implicated NEK6 and NEK7 in mitotic spindle
formation, cytokinesis, centrosome separation, centriole duplica-
tion, and the control of microtubule dynamics (Bertran et al., 2011;
Kim and Rhee, 2011; Lee et al., 2008; Motose et al., 2011, 2012;
O’Regan et al., 2007; O’Regan and Fry, 2009; Rapley et al., 2008;
Sdelci et al., 2011; Yin et al., 2003; Yissachar et al., 2006). In
addition, overexpression of NEK6 and NEK7 is associated with
cancer progression (Nassirpour et al., 2010; Wang et al., 2013) and
NEK6 may inhibit cellular senescence (Jee et al., 2010, 2013). Mice
homozygous for a deletion mutation in NEK7 typically arrest in
late embryogenesis or within a month after birth, and mouse
embryonic ﬁbroblasts derived from NEK7 mutants show increased
aneuploidy (Salem et al., 2010). NEK6 and NEK7 are stimulated by
NEK9-mediated phosphorylation (Belham et al., 2003; Bertran
et al., 2011; O’Regan et al., 2007; O’Regan and Fry, 2009;
Richards et al., 2009), but the substrates of Nek6 and Nek7, with
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/developmentalbiology
Developmental Biology
http://dx.doi.org/10.1016/j.ydbio.2014.12.008
0012-1606/& 2014 Elsevier Inc. All rights reserved.
n Correspondence to: Dept. 3944, 1000 E. University Avenue, Department of
Molecular Biology, College of Agriculture and Natural Resources, University of
Wyoming, Laramie, WY 82071 Fax: þ1 307 766 5098.
E-mail address: davidfay@uwyo.edu (D. Fay).
1 Co-ﬁrst authors.
Developmental Biology 398 (2015) 255–266
the possible exception of the kinesin Eg5 (Bertran et al., 2011;
Rapley et al., 2008), have not been clearly deﬁned (Belham et al.,
2001; Lizcano et al., 2002). Interestingly, NEK6 and NEK7 were
identiﬁed in a non-biased high-throughput screen as positive
regulators of clathrin-mediated endocytosis, suggesting that these
NEK family members have functions unrelated to cell division
(Pelkmans et al., 2005).
NEKL-2, although also composed almost exclusively of a kinase
domain, does not closely resemble NEKL-3 (Supplementary mat-
erial Figs. S1 and S2). Its closest mammalian relative is NEK8, but
NEK8 has RCC1 repeats, which are lacking in NEKL-2. In verte-
brates, NEK8/NPHP9 has been implicated primarily in ciliogenesis
(Fry et al., 2012; Mahjoub et al., 2004, 2005) and kidney function
(Liu et al., 2002; Mahjoub et al., 2005; Otto et al., 2008; Smith et
al., 2006; Trapp et al., 2008). More recent studies have implicated
NEK8 in the response to DNA-replication stress and maintenance
of genomic stability (Choi et al., 2013; Jackson, 2013). NEK8 may
negatively regulate caveolae/raft-mediated endocytosis but func-
tion as a positive regulator of clathrin-mediated endocytosis
(Pelkmans et al., 2005), suggesting, as for NEK6 and NEK7, that
individual NEKs may carry out a broad range of biological func-
tions, including roles in intracellular trafﬁcking.
As described below, we have shown that C. elegans nekl-2 and
nekl-3 are required for the completion of molting. Nematodes
typically undergo four juvenile or larval molts of their exoskeleton,
termed the cuticle. The cuticle is composed of cross-linked collagen
and other components and is largely derived from the apical surface
of hyp7, a large syncytium that makes up most of the epidermis
(termed hypodermis). As one of the larval molts commences and a
new cuticle is synthesized under the old, a series of movements
ensue, followed by rupture and escape from the old cuticle (Page and
Johnstone, 2007; Singh and Sulston, 1978). In C. elegans, inactivation
of many individual genes by mutation or by RNA interference (RNAi)
results in a frequent failure to shed the old cuticle completely (Frand
et al., 2005; Kang et al., 2013). Gene products required for proper
molting include nuclear hormone receptors (Gissendanner and
Sluder, 2000; Hayes et al., 2006; Kostrouchova et al., 1998, 2001;
Monsalve and Frand, 2012), matrix metalloproteases (Altincicek et al.,
2010; Davis et al., 2004; Hashmi et al., 2004; Kim et al., 2011; Stepek
et al., 2011; Suzuki et al., 2004), selenoproteins (Stenvall et al., 2011),
enzymes controlling sterol and fatty acid synthesis (Entchev and
Kurzchalia, 2005; Jia et al., 2002; Kuervers et al., 2003; Li and Paik,
2011), hedgehog-related proteins (Hao et al., 2006; Zugasti et al.,
2005), and LRP-1, an ortholog of megalin, a large member of the LDL
receptor family (Yochem et al., 1999). A number of molting genes are
associated with secretion, endocytosis, and vesicle trafﬁcking (Frand
et al., 2005; Kang et al., 2013; Liegeois et al., 2007), and several of
these, including the Disabled adapter ortholog dab-1, the Sacchar-
omyces cerevisiae Vps27p ortholog hgrs-1, and the S. cerevisiae Sec23p
ortholog sec-23, affect trafﬁcking and endocytosis of LRP-1 from the
apical membrane of hyp7 (Holmes et al., 2007; Kamikura and Cooper,
2006; Kang et al., 2013; Roberts et al., 2003; Roudier et al., 2005).
The genetic studies described herein strengthen the notion that
NEK kinases have functions not linked to cell division or to
ciliogenesis. The requirement of nekl-2 and nekl-3 for proper
completion of molting, instead, suggests their involvement in
extracellular matrix remodeling and vesicular trafﬁcking. Data
consistent with this possibility are presented.
Materials and methods
Genetic strains and maintenance
All strains were cultured at 20 1C (unless otherwise stated) on
nematode growth medium (NGM) supplemented with Escherichia coli
OP50 as a food source according to standard protocols (Stiernagle,
2006). Preexisting strains used in theses studies are as follows: N2, var.
Bristol, designated the wild-type strain (Brenner, 1974); LH191 (eqIs1
[lrp-1::gfp]; rrf-3(pk1426)II) (Kang et al., 2013); VC1733 (nekl-2(gk839) l/
hT2[bli-4(e937) let-?(q782) qls48](I;III)); VC1774 (nekl-2(gk841) l/hT2
[bli-4(e937) let-?(q782) qls48](I;III)); and VC2632 (nekl-2(ok3240) l/hT2
[bli-4(e937) let-?(q782) qls48](I;III)). LH243 (nekl-3(sv3)X; eqIs3 [nekl-3::
gfp; pRF4]), LH373 (nekl-3(gk506)X; mnEx174[F19H6; pTG96]), SP2735
(nekl-3(sv3)/lin-2(e1309) unc-9(e101) X), SP2736 (nekl-3(sv3)X;
mnEx174[F19H6; pTG96]), WY967 (eqIs1[lrp-1::gfp]; rrf-3(pk1426)II;
nekl-3(sv3)X; mnEx174[F19H6; pTG96]), WY977 (eqIs1[lrp-1::gfp];
rrf-3(pk1426)II; nekl-3(gk506)X; mnEx174[F19H6; pTG96]), WY1061
(nekl-2(gk839); fdEx257), WY1070 (fbn-1(tm290), fdEx250, eqIs1[lrp-
1::gfp]; rrf-3(pK1426)II), WY1073 (nekl-2(gk839); fdEx261), WY1077
(nekl-2(gk839); fdEx261; nekl-3(sv3)X; eqIs3 [nekl-3::gfp; pRF4]);
WY976 (eqIs1[lrp-1::gfp]; dab-1(gk291)II). RT424 (pwIs126; GFP::
EEA-1), RT1113 (pwIs439; GFP::RAB-5, RT1378 (pwIs528; GFP::
CHC-1), RT225 (pwIs94; GFP::SNX-1), WY1095 (lin-35(n745);
pwIs94). The gk506 mutation was outcrossed eight times prior to
strain construction.
Isolation of sv3
The sv3 allele was identiﬁed in a screen for recessive mutations
that affect the completion of molting. L4 larvae of the N2 strain
were treated with 50 mM ethyl methanesulfonate (Brenner, 1974).
F1 animals from the mutagenesis were placed on many NGM
plates (three animals per plate). After growth at 25 1C, the plates
were examined for the presence of F2 progeny exhibiting defects
in molting, including a failure to shed all of the old cuticle. Because
mutants exhibiting defective molting are often incapable of reach-
ing adulthood, non-mutant siblings were individually isolated
from candidate plates for the identiﬁcation of heterozygotes that
could be used to maintain the mutations until they were mapped
and balanced. Because none of the mutations proved to be
temperature sensitive, a temperature of 201 was used for their
maintenance and analysis. In all, 3600 haploid genomes were
examined, and 12 mutations identiﬁed. Consistent with its large
size (Yochem et al., 1999), lrp-1 proved a large target, accounting
for six of the mutations. Standard genetic mapping placed sv3
0.04 cM to the left of lin-2 on LGX. After the sv3 isolate was
outcrossed eight times, the stock SP2735 [sv3/lin-2(e1309) unc-9
(e101) X] was established. Stocks cannot be maintained if sv3 is
homozygous.
Plasmid construction and site-directed mutagenesis
A functional fusion between nekl-3 coding sequences and GFP
sequences was constructed from DNA generated by PCR (Pfu Turbo,
Stratagene) using a rescuing cosmid clone, F19H6, as template. A
DNA fragment for the 50 portion of the gene, comprising 5 kb from
the BglII through the EcoRI sites of the genomic sequence, was
generated using LRB-504 and LRB-505 (Supplementary material
Table S1) and cloned into BlueScript. The 30 portion of the gene
was generated in two fragments, to add a unique PstI site immedi-
ately before the stop codon of the open reading frame. Three alanine
codons were also added immediately preceding the PstI site. First,
LRB-506 and LRB-507 were used to generate a fragment containing
an EcoRI site from within the gene and the new PstI site. Then, LRB-
508 and LRB-509 were used to generate a fragment containing the
new PstI site and a genomic XhoI site and including the stop codon
and 30UTR. These two PCR products were combined in the proper
order into Bluescript. The EcoRI to XhoI region was then excised and
subsequently ligated into the plasmid containing the 50 BglII to EcoRI
fragment, thereby creating a complete gene with three alanine
codons and a PstI site immediately before the stop codon. Successful
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rescue of sv3 following microinjection demonstrated that this altered
plasmid retained nekl-3 activity. Finally, a fragment encoding GFP,
taken from the plasmid pPD103.87 as a PstI fragment, was cloned in
the proper orientation into the PstI site of the modiﬁed nekl-3
plasmid to generate LH#pLRB59-6.
A functional fusion between the nekl-2 gene and mCherry
sequences was generated using a modiﬁed pPD95.77 vector in
which GFP sequences have been replaced by mCherry (Kuzmanov
et al., 2014). A 1888-kb nekl-2 genomic fragment containing
891 bp of 50 ﬂanking DNA was obtained following PCR ampliﬁca-
tion using a rescuing fosmid clone, WRM0639aE11, as template
using primers NEKL2Ch1 and NEKL2Ch2. The fragment was cloned
into the mCherry vector using KpnI and BamHI restriction
enzymes. The ﬁnal construct contained the full-length nekl-2
coding sequence with a spacer of three glycines between nekl-2
and mCherry. Microinjection of balanced nekl-2(gk839) animals
proved that this translational fusion is functional.
The proline codon at position 194 of nekl-3 was changed to a
leucine codon by means of the QuickChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies) and primers P194Lm1 and
P194Lm2, which incorporate a change from C to T at nucleotide
position 1209 following the A of the ATG start codon. The template
for the mutagenesis was LH#pLRB59-6. The alteration was veriﬁed
by DNA sequencing of plasmids prior to microinjection of balanced
nekl-3(gk506) animals. The K52M K53M nekl-3 variant was gener-
ated in the same manner using primers K5253Mm1 and K5253Mm2.
Sequences for all primers used in this study can be found in
Supplementary Table 1.
For the nekl-1 RNAi-feeding construct, the entire thirteenth
exon was cloned. For the nekl-4 RNAi-feeding construct the entire
eighth exon was cloned. Both sequences were inserted using XhoI
and XbaI restriction sites into pPD129.36 (Timmons et al., 2001).
PCR-based analysis of mRNA
Total RNA was isolated from mixed-staged populations of N2
worms by means of TRIzol (Invitrogen). The true 5-prime ends of
mRNA were determined with a FirstChoice RNA ligase-mediated
rapid ampliﬁcation of cDNA ends (RLM-RACE) kit (Ambion). The 30
ends were determined by means of reagents supplied with the kit.
For both ends, gene-speciﬁc primers were used in combination
with primers provided with the kit. Internal splice sites were
veriﬁed by RT-PCR with a cMaster RTplusPCR System kit (Eppen-
dorf) and gene-speciﬁc primers.
The DNA sequence of the PCR products generated from cDNA
was determined en masse as above.
Microinjection of DNA and dsRNA
Rescue of the sv3 mutation was assessed by the microinjection
(Mello and Fire, 1995) of balanced heterozygotes with cosmid DNA
or with long-range PCR products based on the genomic DNA
sequence of the relevant regions. Transgenic lines were identiﬁed
on the basis of the co-injection of either of the transformation
markers pRF4 (Mello et al., 1991) or pTG96 (Yochem et al., 1998).
Long-range PCR products were generated with the Expand Long
Template PCR System (Roche Diagnostics). For nekl-3, the primers
for the PCR product bearing the number 287 were LRB-124 and
LRB-125 and for PCR#289, LRB-128 and LRB-129.
For initial RNAi experiments (Fire et al., 1998), 250–500 μg/ml
of gene-speciﬁc double-stranded RNA (dsRNA) was microinjected
into the gonads or intestines of hermaphrodites, which were then
periodically transferred to new plates to allow discrete intervals of
egg laying. dsRNAs were produced by generating PCR products
with oligonucleotide primers that contained the T7 promoter
sequence (see Supplementary material). The primers were LRB-
189 and LRB-190 for nekl-3 and LRB-405 and LRB-406 for nekl-1.
RNA was transcribed from both strands of the PCR products by
means of a T7 MEGA-Script kit (Ambion). dsRNA was allowed to
form from the complementary strands during the transcription.
RNAi feeding studies
For RNAi feeding, L4 animals were placed on lawns of bacteria
expressing gene-speciﬁc double-stranded RNA (dsRNA) using
standard methods (Ahringer, 2006). As a negative control, worms
were placed on lawns of the same bacterial host transformed with
a plasmid, pDF129.36, that expresses a 200-bp dsRNA that is not
homologous to any C. elegans genes (Timmons et al., 2001). RNAi
clones for nekl-2, nekl-3, qua-1 and fbn-1 were obtained from the
Ahringer library. The construction of RNAi-feeding clones for nekl-
1 and nekl-4 are described in the Supplementary material. For an
analysis of the ability of RNAi clones to enhance sv3, L4 larvae
transgenic for a GFP-marked extrachromosomal array expressing
wild-type nekl-3 were placed on the appropriate lawns at 22 1C.
Non-green eggs were transferred to new plates expressing the
appropriate RNAi clones. Body lengths and head widths of larvae
were measured 4 days after hatching. For gonad measurements,
worms were collected on the second day after hatching.
For testing endocytic marker strains (described in Fig. 8) with
nekl-2(RNAi), strains were propagated on lin-35(RNAi) plates for at
least two generations before transferring to nekl-2(RNAi) plates.
Microscopy and measurements
For body length and head width measurements, an Olympus
IX71 inverted epiﬂuorescence microscope with a scientiﬁc-grade
CMOS camera (Orca Flash 2.8, Hamamatsu) and MetaMorph 7.7
(Molecular Devices) software were used. Body length was mea-
sured from the tip of the worm's head to the end of the tail. At
least 30 animals were analyzed for each condition. For gonad area
and rectal width measurements, a Nikon Eclipse epiﬂuorescence
microscope and OpenLab software were used. The same equip-
ment was used for ﬂuorescence comparisons in Supplementary
material Fig. S3. At least 10 animals were used for gonad area
measurements for each condition. Only worms that were in the
dorso-ventral orientation and with a clearly visible gonad were
scored. Rectal width was measured in a minimum of 30 animals
for each strain with worms in the latero-lateral position. Width
was measured in three to ﬁve places in the chosen focal plane, and
an average value was then calculated.
For ﬂuorescence images (except for Fig. 6E and Fig. S3), an
Olympus IX71 inverted microscope equipped with a spinning-disc
confocal head (CSU-X1 Yokogawa) was used. Confocal illumination
was provided by an LMM5 laser launch (Spectral Applied
Research). Image acquisition was performed using MetaMorph
7.7 software. Colocalization analysis was performed with ImageJ
software, using the “Colocalization” plugin, with manual determi-
nation of threshold level.
Genetic mosaic analysis
Genetic mosaic analysis of nekl-2(gk839) and nekl-3(sv3) was
carried out using established procedures (Yochem et al., 1998,
2000; Yochem, 2006). The source of the mosaics was the strain
SP2736 (nekl-3(sv3); mnEx174[F19H6; pTG96]) for nekl-3 and
WY1061 (nekl-2(gk839); fdEx257[nekl-2(þ)(fosmid clones wrm
0639aE11 and wrm0636aD02; pTG96]) for nekl-2.
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Results
sv3 affects the completion of molting, conferring the Corset or
Dumbbell phenotype
We isolated the sv3 mutation on the basis of its effect on the
completion of molting, but the phenotype differed from that of
previously studied genes that affect molting. At hatching, the
homozygotes segregating from heterozygous mothers were indis-
tinguishable from their non-mutant siblings (Fig. 1A and data not
shown). The mutant homozygotes, however, were unable to
completely shed the old cuticle at the end of the ﬁrst molt.
Although the head became free of the old cuticle, most of the
middle part of the body remained encased by it (Fig. 1B and C). The
tail was usually also free of the old cuticle, but sometimes it
remained encased. Those worms that had only the middle part of
the body constricted by the old cuticle had the appearance of
dumbbells or of being encased in a long Corset, because the head
and tail were free to increase in size. In contrast, previously
studied molting mutants can be completely encased in the old
cuticle, have bits of old cuticle attached to their tails, or have
narrow rings of old cuticle that constrict only a small region of the
body (Fig. 1D–F).
sv3 homozygotes were for the most part immobile and did not
feed well. Postembryonic development did, however, continue, with
some of the mutants achieving the third larval stage (L3), based on
the morphology of the gonad and incipient vulva. The failure to
shed the old cuticle from the middle of the body was repeated for
homozygotes that entered the molt from the second larval stage
(L2) to L3, and such mutants therefore were encased in two old
cuticles (data not shown). The persistence of the constriction of sv3
homozygous larvae by the ﬁrst larval stage (L1) cuticle resulted in
worms that were small for their developmental stage (Fig. 1B and
data not shown). A comparison of head widths and body lengths
between arrested sv3 homozygotes and wild-type larvae during the
L2-L3 molt is consistent with sv3 homozygotes arresting following
the second molt and indicated that body length was primarily
affected in arrested sv3 mutants (Supplementary File 1).
sv3 is an allele of the NIMA-related kinase gene nekl-3
Genetic mapping placed sv3 15 kb to the left of lin-2 on the X
chromosome. Proof that the affected gene in sv3 homozygotes is
mlt-1/nekl-3 (F19H6.1) was obtained as follows. (1) A PCR fragment
corresponding speciﬁcally to nekl-3 fully rescued the mutant
phenotype; (2) RNAi of nekl-3 by injection or feeding methods
conferred defective completion of molting, including the Corset
phenotype; (3) sv3 homozygotes had two closely linked indepen-
dent mutations in F19H6.1 (Fig. 2A; see below); (4) gk506, a
deletion allele of nekl-3, also conferred defective completion of
molting. The 302-amino-acid sequence predicted for the nekl-3
product indicated that it belongs to a family of serine/threonine
protein kinases and showed striking similarity to NEK6 and NEK7
(Kandli et al., 2000), two NIMA-related kinases that are paralogs of
each other in mammals (Fig. 2A; Supplementary material Fig. S1).
That kinase activity is essential for NEKL-3 function was supported
by the observation that an engineered variant of NEKL-3 (K52M /
K53M) predicted to lack kinase activity (O’Regan and Fry, 2009)
failed to rescue nekl-3 mutants (data not shown).
nekl-3 has eight exons, and its resulting mRNA is 1097 nucleo-
tides long and has an SL1 splice leader. Although RLM-RACE
analysis indicated variation in the start of transcription, alternative
forms of the open reading frame of the mRNA were not abundant.
A comparison of the nekl-3 gene in sv3 with wild type indicated
that the sv3 allele of nekl-3 was associated with two mutations
that are separated by 24 bp (Fig. 2A). One is a T-to-A transversion
in the ﬁfth intron 20 nucleotides upstream of the start of the sixth
exon. The other is a C-to-T transition of the ﬁfth nucleotide of the
sixth exon, leading to a proline-to-leucine change in the coding
sequence (P194L). The latter mutation is likely to be causative,
because a proline is invariant at this relative position, the activa-
tion subdomain, in various members of the NIMA family and is
usually conserved in other protein kinases as well (Hanks and
Hunter, 1995). The importance of this change was further indicated
by the failure of a plasmid expressing the P194L form of nekl-3
(but wild type for the intron mutation) to rescue the sv3 mutant
phenotype.
The gk506 deletion allele of nekl-3 removes 340 nucleotides of
the open reading frame (amino acids Y8–F90) and generates a
frame shift (Fig. 2A). The deleted codons include those encoding
the conserved ATP-binding domain, a vital feature of protein
kinases. The gk506 deletion is therefore likely to be null. Moreover,
its phenotype when homozygous was stronger than that conferred
by sv3, indicating that the latter allele is hypomorphic. Similar to
the sv3 allele, nekl-3(gk506) homozygotes had normal embryonic
development and were normal L1 larvae until they entered their
ﬁrst molt. Unlike sv3 larvae, however, nekl-3(gk506) larvae
Fig. 1. The Corset or Dumbbell phenotype. (A) sv3 heterozygous larvae develop
normally and do not show molting defects. (B,C) A similarly staged sv3 homozygote
that has failed to shed the old cuticle from the middle section (Corset phenotype) is
shown (B) along with a schematic representation of a worm with a constricted
middle section (C), in which the gray lines indicate unshed old cuticle. (D–F) In
contrast, the corset defect is less frequently seen with other mutations that affect
the completion of molting such as dab-1(gk291). Pictured are images of dab-1
(gk291) mutants in which the larva has a narrow constriction only (D; black
arrowheads), is completely enclosed in old cuticle (E; black arrow indicates unshed
cuticle in head region), or has failed to completely shed the old cuticle from the tail
(F; white arrow). Black scale bars¼50 μm; white scale bars¼100 μm.
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remained completely encased in the old cuticle after they entered
the ﬁrst molt (Fig. 3A). Consistent with nekl-3(gk506) larvae
arresting following the ﬁrst molt, the head width and body length
of nekl-3(gk506) larvae corresponded closely with wild-type larvae
during the L1-L2 molt (Supplementary File 1).
Analysis of the rectum indicated that nekl-3(gk506) homozy-
gotes contained a double layer of cuticle, leading to visible rectal
thickening (Fig. 3). nekl-3(sv3) mutants that had shed the tail
portion of their old cuticle did not typically contain a double layer
of cuticle within the rectum, whereas sv3 homozygotes with an
encased tail had an increased rectal width that was similar to
gk506 homozygotes (Fig. 3). Consistent with gk506 homozygotes
having a more severe phenotype than sv3 homozygotes, the
former animals were slightly smaller and their gonads were less
developed (Fig. 4). Although gk506 homozygotes arrested growth
at the molt from L1 to L2, they were quite mobile and could live for
Fig. 2. The structure of nekl-2 and nekl-3 and alignments of their products with human NEKs. (A) The structure of the nekl-3 locus with the locations of the sv3 alterations
and the gk506 deletion is depicted along with an alignment of its predicted amino-acid sequence with human NEK6 and NEK7. The predicted kinase domain of NEKL-3 spans
amino acids 23–281; the region deleted by gk506 is indicated by the dashed line. The P194L mutation conferred by sv3 affects a conserved proline in subdomain viii of the
kinase domain (subdomains vii, viii and ix are indicated (Hanks and Hunter, 1995)). (B) The structure of the nekl-2 locus with the locations of the gk839, gk841, and ok3240
deletion alleles along with an alignment of its predicted kinase domain (amino acids 4–267) with the kinase domains of human NEK8 and NEK9. The C-terminal halves of
both NEK8 and NEK9 have RCC1 repeats (not shown), whereas NEKL-2 extends only for an additional 90 amino acids after the kinase domain (also see Supplementary
material Fig. S2). In peptide alignments, black boxes with white lettering indicate identical amino acids; gray boxes with black lettering, similar amino acids; white
background with black lettering, dissimilar amino acids.
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several days, although they were likely unable to feed because of
the unshed L1 cuticle.
nekl-2 is required for molting
Our ﬁndings for NEKL-3 prompted us to examine the three
other NEK family members in C. elegans for roles in molting. RNAi
of nekl-2 in RNAi-hypersensitive backgrounds (Simmer et al.,
2002; Wang et al., 2005), but not in wild type, conferred a range
of molting defects, including the Corset phenotype, whereas no
effects on molting were observed for RNAi feeding or injection of
nekl-1 or for RNAi feeding of nekl-4 (data not shown and see
below). NEKL-2 resembles NEKL-3 in consisting mostly of a protein
kinase domain, but sequence divergence between them
(Supplementary material Figs. S1 and S2) indicated that they are
not likely to be functional counterparts. To investigate the pheno-
type of nekl-2 in more detail, three loss-of-function alleles of nekl-
2 were obtained (Fig. 2B). gk839 is a deletion that begins 276 bp
upstream of the ATG start codon and includes the ﬁrst exon and
most of the ﬁrst intron and is therefore likely to be null. Like nekl-3
(gk506), gk839 homozygotes also arrested at the L1-to-L2 molt,
remaining completely enclosed in the old cuticle, which is clearly
evident in the rectum (Fig. 3). The phenotypes of two other alleles,
gk841 and ok3240, resembled that of gk839 but were not examined
in detail. gk841 deletes a region corresponding to amino acids V9
to Y68 and leads to a frame shift in the second exon; ok3240
deletes a region corresponding to amino acids I212 to L261 and
induces a frame shift after exon 6.
nekl-2 enhances the molting defect of nekl-3(sv3)
The hypomorphic nature of nekl-3(sv3) permitted an examina-
tion of nekl-2 for genetic interactions with nekl-3. We also further
examined nekl-1 and nekl-4, because, although they did not appear
to be required for molting, genetic enhancement provides a
sensitive test for involvement in a process. Although neither
nekl-1(RNAi) nor nekl-4(RNAi) enhanced the phenotype of sv3,
nekl-2(RNAi) showed strong effects. Even 4 days after hatching,
nekl-3(sv3); nekl-2(RNAi) worms failed to form corsets, remaining
instead completely encased in the old cuticle at the L1-to-L2 molt
(Fig. 4A and B). A failure to continue to grow and develop was also
reﬂected in the size and morphology of the gonad. Two days after
hatching, the gonads of sv3 animals could be clearly seen to have
left and right arms, whereas the gonads of nekl-3(sv3); nekl-2
(RNAi) failed to develop (Fig. 4C and data not shown). In contrast,
nekl-2(RNAi) of wild-type (non-RNAi hypersensitive) worms did
not cause any detectable molting defect (data not shown), indicat-
ing true enhancement. RNAi feeding of nekl-3 itself also enhanced
sv3 defects, but the effects were slight relative to those of nekl-2
feeding (Fig. 4), which may reﬂect low efﬁcacy of nekl-3 RNAi. The
enhancement of nekl-3 by nekl-2 and their similar mutant pheno-
types suggest that these genes might act in a common pathway or
have complementary functions.
Mosaic analyses indicate that nekl-2 and nekl-3 are required in hyp7
To determine the tissue or cell-types that require the function
of nekl-2 and nekl-3 for proper molting, genetic mosaics analyses
were carried out for both genes. Our approach made use of
extrachromosomal arrays containing wild-type copies of either
nekl-2 or nekl-3 together with a cell autonomous GFP reporter
(Yochem et al., 1998, 2000; Yochem and Herman, 2005). Such
arrays are capable of rescuing nekl-2 or nekl-3 molting defects
provided that the array has been inherited within the cell lineage
(s) that requires nekl-2 or nekl-3 function. Although the isolated
nekl-2 and nekl-3 mosaics varied greatly with respect to which cell
or cells expressed the array, one feature in common to all of them
was that hyp7, a large hypodermal syncytium containing 139
nuclei that is formed by cell fusion events (Podbilewicz and
White, 1994; Sulston et al., 1983) was positive for the array
(Fig. 5). In the case of nekl-3, three mosaics were identiﬁed in
which the array was present only in cells derived from Cp, which
gives rise to hyp11, some of the nuclei of hyp7, and 16 body
muscles. In addition, on the basis of three AB(þ) P1() nekl-3
mosaics, neither hyp11 nor the body muscles are likely to be the
foci of nekl-3 activity as only one body muscle (AB.prpppppaa)
descends from AB (Sulston et al., 1983) and hyp11 lacked
Fig. 3. Unshed cuticles of the nekl-2 and nekl-3 mutants. (A) DIC images of arrested
nekl-3(gk506) and nekl-2(gk893) homozygotes compared with a wild-type L2 larva
and a nekl-3(sv3) homozygote arrested at L2. In nekl-3(gk506) and nekl-2(gk893)
homozygotes, the cuticle always encloses the entire larva, whereas nekl-3(sv3)
mutants typically shed the cuticle in the head and tail regions (black arrowheads).
White arrows in right panels indicate corresponding rectums, which are thicker in
nekl-3(gk506) and nekl-2(gk893) homozygotes because of a double layer of cuticle.
Scale bar for left panels¼50 μm; scale bar for right panels¼10 μm. (B) Box-and-
whisker plot showing the rectal width of mutants. The box represents the middle
50% of the data points that are the closest to the median value (black line); the
dashed red line represents the mean value. Dots are outliers that differ by Z1.5-
fold from the upper or lower quartiles; whiskers encompass values between the
outliers (dots) and the upper and lower quartiles (top and bottom of box). sv3
homozygotes with free tails are somewhat variable in rectal widths but are closer
to wild type than are nekl-2(gk506) or nekl-3(gk893) deletion mutants. sv3
homozygotes with enclosed tails have rectal widths that are indistinguishable
from deletion mutants. nZ30 for each genotype. For raw data and statistical
analyses, see Supplementary File 1.
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expression in these mosaics (Fig. 5). Furthermore, nekl-3 mosaics
were identiﬁed in which the array was present only in ABarp,
ABarpaa, or ABpla, consistent with a hyp7 focus (Fig. 5). Finally,
four mosaics were identiﬁed in which the hyp7 syncytium was the
only nekl-3(þ) cell in the animal, although the precursor cell that
contributed the array to hyp7 could not be determined in these
mosaics.
Similarly, inheritance of a nekl-2-rescuing array either by AB
only (eight mosaics) or by P1 only (four mosaics) was sufﬁcient to
rescue the nekl-2 mutant phenotype (Fig. 5). For all of the healthy
mosaics, the only tissue that was always positive for GFP was hyp7.
That hyp7 is the focus for nekl-2 was strengthened by some
speciﬁc patterns of inheritance. For example, in one animal,
ABplaa appeared to be the only cell to establish a positive clone,
Fig. 4. Enhancement of the nekl-3(sv3) phenotype by nekl-2. Enhancement of molting defects was assayed in nekl-3(sv3) and nekl-3(gk506) mutant backgrounds. (A–C)
Measurements of body length (A), head width (B), and the area of the gonad from a longitudinal section (C) are summarized as box-and-whisker plots (see legend for Fig. 3).
A,B, nZ30 for each genotype; C, nZ10. Control RNAi was carried out using strain HT115 carrying vector plasmid pPD129.36. nekl-2(RNAi) enhanced all three aspects of the
sv3mutation but did not affect those of the gk506mutation. Whereas nekl-1 and nekl-4 RNAi had no effect on either mutation, nekl-3(RNAi) conferred a slight but statistically
signiﬁcant enhancement of gonad defects on sv3 homozygotes. For raw data and statistical analyses (A–C) see Supplementary File 1. (D) Representative images of gonads
used for the measurements in C. Gonads of nekl-3(gk506) animals are similar in all RNAi conditions and indicate development to late L1 or early L2. Gonads of nekl-3(sv3)
animals typically exhibit more extensive development than that seen for gk506 within the time frame of the experiment and indicate development to mid-to-late L2 stages
(sv3 homozygotes can progress to L3 if allowed further growth). RNAi of nekl-2 in the sv3 background leads to L1 or early L2 arrest based on gonad size. Dashed line indicates
the gonad periphery. Scale bar¼20 μm.
Fig. 5. Mosaic analyses implicate hyp7 as the focus of gene activity for nekl-2 and nekl-3. Results from healthy L4 or adult mosaics in which nekl-2 or nekl-3 were inherited
within a restricted portion of the lineage. The number of mosaics in which a particular cell established a positive clone for nekl-2 or nekl-3 is indicated within white or black
boxes next to the division (horizontal lines) that produced that cell. Both genes have a similar pattern and have positive clones that in all cases contribute descendants to the
large hyp7 hypodermal syncytium. In addition to the mosaics depicted, hyp7 was the only positive cell in four nekl-3 mosaics and one nekl-2 mosaic.
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with the array being expressed in hyp3, hyp4, hyp7, and several
head neurons. On the P1 side of the lineage, several mosaics were
positive for hyp7 and for body muscles that arise from the P2 cell
(Fig. 5). Of particular note, establishment of a positive clone only
by Cpa, which contributes seven nuclei to hyp7 and one to hyp11,
was sufﬁcient for robust rescue, and, in one mosaic, only hyp7
nuclei expressed GFP (data not shown). Thus, the nekl-2 analysis
bears a striking resemblance to that of nekl-3, with hyp7 impli-
cated as the focus for both genes.
Notably, the mosaic analyses provided no evidence for a
maternal contribution from either nekl-2 or nekl-3 that might
mask a requirement for either gene, for example, during embry-
ogenesis: the progeny of germ-line mosaics had the same pheno-
type as that of homozygotes that segregated from heterozygous
mothers. This is in agreement with the RNAi studies mentioned
above, as RNAi is likely to deplete or reduce expression of the
targeted genes in the germ line. We also note that a genome-wide
RNAi screen suggested that nekl-2 affects the development, func-
tion, or integrity of the vulva (Parry et al., 2007). Although nekl-2
(gk839) normally confers an early larval arrest that precludes an
examination of the vulva, an effect of nekl-2 on the vulva could be
examined in certain mosaics that were rescued for the early
requirement but were array minus for the cells of the vulva. We
observed that the vulva was morphologically normal in nine of
nine mosaics in which the vulva failed to inherit the array and six
animals with array-minus vulvae were observed to lay eggs. Thus,
the vulva appeared not to require nekl-2, although it is possible
that nekl-2 activity in another tissue may affect vulval integrity.
Fluorescent nekl-2 and nekl-3 constructs are expressed in hyp7
We analyzed nekl-3 expression with strains containing eqIs3,
a spontaneous insertion of a transgene expressing a functional
C-terminal fusion of GFP to full-length NEKL-3. NEKL-3::GFP
expression initiated in the hypodermis of embryos coincident
with the onset of morphogenesis (Fig. 6A) and increased during
the remainder of embryogenesis (Fig. 6B–D). In larvae and adults,
NEKL-3::GFP was observed in hyp7 and other hypodermal cells
but not in seam cells. In hyp7, NEKL-3::GFP was present in small
spheres or puncta and small tubules that were almost exclusively
in the extreme apical region and apparently beneath the plasma
membrane (Fig. 6E). Although not particularly mobile, some
movement of the puncta was observed. In most worms, GFP was
also present in hyp7 at its boundary with the seam cells (Fig. 6E).
NEKL-3::GFP was also observed in the vulva and in certain
undeﬁned neurons that make contact with body muscles and in
the uterus (data not shown).
We also analyzed expression of a functional full-length C-term-
inal fusion of mCherry to NEKL-2. NEKL-2::mCherry was observed
in spheres or puncta in the hypodermis including the hyp7
syncytium (Fig. 6F). Similar to NEKL-3::GFP, NEKL-2::mCherry
was not observed in the seam cells (data not shown). In contrast
to NEKL-3::GFP, NEKL-2::mCherry was not observed in the vulva
(data not shown). Of particular interest, NEKL-3::GFP puncta only
rarely co-localized with NEKL-2::mCherry in hyp7, suggesting that
these kinases may function in distinct cellular compartments
(Fig. 6G and H).
nekl-2, but not nekl-3, prevents endocytosis of LRP-1::GFP from the
apical surface of hyp7
Because of their requirement for proper molting and their expres-
sion in hyp7, we examined nekl-2 and nekl-3 for effects on the
localization of LRP-1::GFP, a convenient marker for endocytosis from
the apical membrane of hyp7 (Kang et al., 2013). lrp-1 is also required
for proper molting, and, at steady state, LRP-1::GFP is predominantly
associated with endosomes that lie beneath the apical membrane
(Kang et al., 2013; Yochem et al., 1999). Notably, in 44/50 rrf-3(pk1426)
(RNAi hypersensitive) animals treated with nekl-2 RNAi (nekl-2 dele-
tion mutations were not used in these studies, because the small size
of the arrested worms made GFP observations difﬁcult), LRP-1::GFP
expression was strikingly altered from the normal endosomal pattern
to one indicating dramatic accumulation on the apical membrane
(Fig. 7). This pattern resembles that seen when LRP-1::GFP worms are
treated with RNAi that targets proteins known to be required for
endocytosis, such as CHC-1, the clathrin heavy chain ortholog, or DAB-
1, an ortholog of Drosophila Disabled (Kang et al., 2013) (Fig. 7). These
results suggest that NEKL-2 is required for the formation or pinching
off of clathrin-coated pits in the apical membrane of hyp7.
In contrast to the nekl-2(RNAi) studies, LRP-1::GFP did not
accumulate on the apical surface of hyp7 in nekl-3(sv3) or nekl-3
(gk506) homozygotes (because nekl-3(RNAi) has low efﬁcacy, the
mutations were used; Fig. 7 and data not shown). Instead,
approximately half of the worms exhibited the wild-type pattern
(Fig. 7). For the other half, the spacing between puncta was
variably altered, but the puncta remained apical, suggesting that
they were endosomes (Supplementary material Fig. S3). Because
this alteration of the wild-type pattern could be a mechanical
consequence of the constriction caused by the unshed cuticle and
by an overall unhealthy state of the mutants, LRP-1::GFP was
examined in animals treated with RNAi against a hedgehog-like
protein, QUA-1, or against FBN-1, which resembles ﬁbrillin. Inhibi-
tion of either of these causes a molting defect (Frand et al., 2005;
Hao et al., 2006; Kang et al., 2013), but neither protein is likely to
function in membrane trafﬁcking. For both proteins, the localiza-
tion of LRP-1::GFP was normal in some animals but moderately
changed in others, sometimes in a manner similar to that seen
with the nekl-3 mutations (Fig. 7.; Supplementary material
Fig. S3), suggesting that constrictions caused by the old cuticle
can indeed mechanically alter the spacing between endosomes. In
any case, the nekl-2 and nekl-3 mutant patterns differed strongly
from each other in terms of appearance and penetrance of the
defect. Although a role, if any, for NEKL-3 in trafﬁcking is currently
unclear, NEKL-2 appears to have a signiﬁcant and broad function
in endocytosis from the apical surface of a polarized epithelium in
C. elegans.
nekl-2 is required for the correct localization of multiple endocytic
compartment markers
To determine if NEKL-2 has a more general role in vesicular
trafﬁcking at the apical surface we examined the localization of
four markers for early endosomes in wild-type and nekl-2(RNAi)
larvae. For these studies we used either lin-35 mutations or
pretreatment of marker strains with lin-35(RNAi) to increase the
sensitivity of strains to nekl-2(RNAi) (Wang et al., 2005), which led
to a majority of treated larvae displaying molting defects, although
some animals were able to reach adulthood. SNX-1 is a component
of the retromer complex, co-localizes with early endosomes and
regulates clathrin dynamics (Sato et al., 2014; Shi et al., 2009).
Moreover, SNX-1 expression overlaps extensively with LRP-1 (data
not shown). As expected, GFP::SNX-1 expression was altered in a
manner similar to LRP-1::GFP following nekl-2(RNAi) with expres-
sion becoming diffuse across the apical surface (Figs. 7 and 8). We
next tested CHC-1, a clathrin heavy chain ortholog that is essential
for clathrin-mediated endocytosis (Grant and Hirsh, 1999; Sato
et al., 2014; Shen et al., 2013). Again, diffuse apical expression was
observed following inhibition of nekl-2 (Fig. 8), indicating that
NEKL-2 plays an important role in the early formation of endo-
somes in the larval hypodermis. Two additional markers, GFP::
EEA-1 and GFP::RAB-5 were also examined. EEA-1 is an effector of
RAB-5, a small GTPase required for early endosome movement,
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docking and fusion (Christoforidis et al., 1999; Nielsen et al., 1999;
Sato et al., 2014). Although both markers were altered in nekl-2
(RNAi) larvae, they displayed distinct defects. In the case of GFP:
EEA-1, nekl-2(RNAi) most typically led to diffuse apical expression.
The effect of nekl-2(RNAi) on GFP::RAB-5 localization was some-
what weaker and more variable than that observed for the other
markers, but included both diffuse expression as well as the
formation of larger puncta or blobs (Fig. 8 and data not shown).
Taken together, our results demonstrate that NEKL-2 plays a broad
role in the regulation of endocytosis in hyp7.
Discussion
Our studies have implicated NEKL-2 and NEKL-3, two con-
served members of the NEK family in C. elegans, in the process of
larval molting. Both nekl-2 and nekl-3 are predicted to encode
serine–threonine kinases that were required in hyp7, the major
source of the cuticle of C. elegans. NEKL-2 affected endocytosis of
LRP-1::GFP, as well as a number of additional markers for
endocytosis, from the apical surface of hyp7, a polarized epithe-
lium. In contrast, NEKL-3 did not have an obvious effect on LRP-1::
GFP, but its expression pattern and requirement in hyp7 suggests
that it might be involved in a separate aspect of membrane
trafﬁcking. That the speciﬁc cellular functions and targets of these
two kinases might differ from each is also supported by a lack of
overlap in their expression patterns at the apical surface of hyp7.
The striking similarity in their phenotypes and the enhancement
of nekl-3(sv3) by nekl-2 RNAi does, however, suggest that these
genes have overlapping or complementary functions. For example,
NEKL-3 might be required for the recycling of receptors such as
LRP-1 from endosomes to the plasma membrane of hyp7. A
Fig. 6. NEKL-2 and NEKL-3 reporters are expressed in the hypodermis. (A–D) DIC and corresponding ﬂuorescence images of NEKL-3::GFP expression in embryos. Expression
is ﬁrst detected in hypodermal cells coincident with the initiation of embryonic morphogenesis (A), with expression increasing in the hypodermis during the remainder of
embryogenesis (B–D). Embryonic stages depicted are bean (A, 350 min post-fertilization), 1.5-fold (B, 420 min), 3-fold (C, 520 min) and pretzel (D, 4600 min). In
adults (E) and larvae (not shown), NEKL-3::GFP is present in the apical region of the parts of hyp7 that do not overlie body muscles and in the apical region of other
hypodermal cells, but expression is not evident in the seam cells. The expression of NEKL-3::GFP can be globular, punctate or slightly tubular. (F–H) NEKL-2 (F) and NEKL-3
(G) reporters show little overlap in subcellular localization (H, white), although NEKL-2::mCherry is expressed in puncta near the apical surface of hyp7. Scale bar in
A¼10 μm for A–D; in E¼10 μm; in F¼5 μm for F–H.
J. Yochem et al. / Developmental Biology 398 (2015) 255–266 263
potential combination of partially blocking endocytosis with
nekl-2(RNAi) and partially blocking recycling with nekl-3(sv3)
might therefore prove strongly additive or synergistic. Our hypoth-
esis that NEKL-2 and NEKl-3 function in vesicular trafﬁcking is
supported by a high-throughput RNAi study of mammalian protein
kinases, which identiﬁed NEK2, NEK6, NEK7 and NEK8 as candi-
date regulators of endocytosis (Pelkmans et al., 2005). Thus,
trafﬁcking and endocytosis may represent an evolutionarily con-
served function for some NEK family members. Importantly, our
studies represent the ﬁrst genetic demonstration of a role for NEK
family members in vesicular trafﬁcking and ECM remodeling
within an intact organism.
Most studies of mammalian NEK6, NEK7, and other NIMA-
related kinases, some of which have used dominant-negative
forms of the genes, suggest an extensive involvement in cell
division (Fry et al., 2012; Moniz et al., 2011; O’Regan et al.,
2007). In contrast, no association with the cell cycle or cell division
was apparent for either NEKL-2 or NEKL-3 during embryogenesis
or early larval development. Embryos derived from germ-line
mosaics, and therefore completely lacking nekl-2 or nekl-3 func-
tion, or derived from mothers subjected to RNAi, appeared
completely normal. For each gene under either condition, a defect
only became apparent when larvae entered the ﬁrst molt. In
addition, we found that brood sizes in nekl-2 and nekl-3 germ-
line mosaic animals were not strongly affected, indicating that
these genes are not likely to play a role in germ cell proliferation
(Supplementary File 1). Also, expression of fully functional repor-
ter constructs for both genes was largely restricted to the hypo-
dermis. This lack of broad expression suggests that these genes are
unlikely to regulate a basic cellular function, such as division, at
least in the majority of cell types. Although genetic redundancy
between C. elegans NEKs could potentially account for a lack of
obvious cell division defects, the worm genes lack paralogs. In
addition, embryonic defects were not observed in nekl-3 mutants
that had been subjected to nekl-1, nekl-2, or nekl-4 RNAi (Fig. 4 and
data not shown). Curiously, deletion of NEK6 in mice does not lead
to any phenotype under standard laboratory conditions (Bian
et al., 2014). Furthermore, NEK7 / mice progress to either late
embryogenesis or early postnatal stages of development before
arresting (Salem et al., 2010). Although isolated mouse embryonic
ﬁbroblast cells from NEK7 / mice do show indications of cell
cycle disturbances, the lack of early embryonic arrest or docu-
mentation of cell cycle defects in the majority of cell types raises
questions about the importance of NEK7 in the global regulation of
the cell cycle. Although it could be argued that double mutants of
NEK6 and NEK7 may be required to observe a stronger cell cycle
phenotype in mice, this argument does not apply to C. elegans,
which contains only a single ancestral ortholog of these genes,
nekl-3. In addition, it has been reported that murine NEK6 and
NEK7 have only a limited overlap in their expression patterns
(Feige and Motro, 2002).
Three additional differences between the worm and mamma-
lian genes are suggested by our studies. The ﬁrst is the failure of
RNAi of NEKL-1, the putative ortholog of NEK9, to elicit a molting
defect, as it should if its product, by analogy to mammalian
studies, activates NEKL-3. This is a preliminary result, however,
as not all genes in C. elegans respond to RNAi (Fire et al., 1998).
Second, a nekl-3 plasmid was engineered to have mutations (K52M
and K53M) that correspond to kinase-dead dominant-negative
forms of mammalian NEK6 (K74M and K75M) and NEK7 (K63M
Fig. 7. NEKL-2 affects endocytosis of LRP-1::GFP from the apical surface of hyp7.
The major localization of LRP-1::GFP in hyp7 of living worms changes from
endosomes in the apical region (control RNAi in wild type) to a smeared pattern
on the apical surface upon treatment with nekl-2 RNAi. The pattern resembles the
apical accumulation of LRP-1::GFP conferred by dab-1(gk291). In contrast, sub-
cellular localization of LRP-1::GFP is not strongly perturbed by nekl-3(sv3), qua-1
(RNAi), or fbn-1(tm290), which also affect the completion of molting. For all LRP-1::
GFP experiments, the strains contained the rrf-3(pk1426) mutation, which confers
RNAi hypersensitivity. Scale bar¼5 μm. For additional information, see Fig. S3.
Fig. 8. NEKL-2 is required for correct localization of endosomal markers. Strains
containing integrated arrays expressing N-terminal fusions of GFP to SNX-1, CHC-1,
EEA-1, and RAB-5 were assayed following treatment with control RNAi or nekl-2
(RNAi) following RNAi hypersensitization using either the lin-35(n745) mutation
(GFP::SNX-1) or lin-35(RNAi) (other markers). Representative images are shown for
each marker in larval-stage animals. Note the altered expression pattern of all
4 markers following nekl-2(RNAi). Scale bar¼5 μm.
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and K64M) (O’Regan and Fry, 2009). In contrast to the tissue-
culture studies, however, wild-type worms transgenic for multiple
copies of the plasmid had no obvious defects (data not shown),
although as expected, this construct also failed to rescue the sv3
mutation (data not shown), indicating that these amino acids are
critical for function. Three, overexpression of a NEKL-3 variant
(Y86A) that corresponds to constitutively active versions of NEK6
and NEK7 (Richards et al., 2009) rescued nekl-3 mutations but
otherwise conferred no obvious phenotype (data not shown). In
contrast, hyperactivity of NEK6 or NEK7 in tissue culture leads to
various defects including cancer progression (Cao et al., 2012;
Cohen et al., 2013; Fry et al., 2012; Jee et al., 2010; Jee et al., 2011;
Kim and Rhee, 2011; Moniz et al., 2011; Nassirpour et al., 2010).
Interestingly, the equivalent tyrosine residues in NEK6 (Y108A)
and NEK7 (Y97A) are phosphorylated by NEK9, the mammalian
ortholog of NEKL-1, which did not appear to functionally interact
with NEKL-2 and NEKL-3.
Questions remain concerning the molecular and developmen-
tal basis for the Corset phenotype and the correlation between the
Corset phenotype and the severity of knockdown for nekl-2 and
nekl-3. The rarity of the Corset phenotype in various molting
screens does, however, suggest that these genes represent a
subclass of molting genes. Studies are underway with the hope
that they will provide insight into the completion of molting with
potential relevance to polarized epithelia of worms and mammals.
In any case, our studies of nekl-2 and nekl-3 suggest a serious
evaluation of members of the NIMA family in processes other than
cell division.
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